For Ͼ30 years, positron emission tomography (PET) has proven to be a powerful approach for measuring aspects of dopaminergic transmission in the living human brain; this technique has revealed important relationships between dopamine D 2 -like receptors and dimensions of normal behavior, such as human impulsivity, and psychopathology, particularly behavioral addictions. Nevertheless, PET is an indirect estimate that lacks cellular and functional resolution and, in some cases, is not entirely pharmacologically specific. To identify the relationships between PET estimates of D 2 -like receptor availability and direct in vitro measures of receptor number, affinity, and function, we conducted neuroimaging and behavioral and molecular pharmacological assessments in a group of adult male vervet monkeys. Data gathered from these studies indicate that variation in D 2 -like receptor PET measurements is related to reversal-learning performance and sensitivity to positive feedback and is associated with in vitro estimates of the density of functional dopamine D 2 -like receptors. Furthermore, we report that a simple behavioral measure, eyeblink rate, reveals novel and crucial links between neuroimaging assessments and in vitro measures of dopamine D 2 receptors.
Introduction
Neuroimaging techniques, particularly positron emission tomography (PET), have revealed abnormalities in the function of the dopamine system in individuals with substance use disorders and/or schizophrenia. Relatively low dopamine D 2 and/or D 3 (D 2 -like) receptor availability, indexed with PET, has been observed in individuals with different forms of addiction (Volkow et al., 1993; Lee et al., 2009) , and experiments in animals have indicated that D 2 -like receptor dysfunction is, at least in part, a consequence of chronic experience with drugs of abuse (Nader et al., 2006; Groman et al., 2012) . Alternatively, animals exhibiting relatively low D 2 -like receptor availability engage in higher rates of drug self-administration than those with higher D 2 -like receptor availability (Nader et al., 2006) , a finding that may be explained by deficient D 2 receptor modulation of neural circuits involved in addiction risk factors, such as poor inhibitory control Ghahremani et al., 2012) . Because dopamine D 2 -like receptor function may also influence reward sensitivity (Merritt and Bachtell, 2013) and reinforcement learning (Frank et al., 2007) , individual differences in these receptors may affect the initiation of drug-taking behavior and its progression into inflexible patterns of drug use. Therefore, PET-based measures of D 2 -like receptor availability may be a clinically meaningful biomarker of susceptibility for, and the progression of, addictions Jentsch and Pennington, 2014) .
However, the biological significance of PET receptor availability, which indexes the total protein/receptor pool accessible for radiotracer binding, has remained elusive because differences/ changes in receptor availability can reflect otherwise diverse mechanisms that affect this single outcome. For example, D 2 -like receptor availability is influenced by receptor density, levels of endogenous ligand that compete for the same binding site as the radiotracer, or heterogeneity in pools of synaptic, extrasynaptic, and intracellular receptors that likely have different functional implications for neurotransmission (Guo et al., 2010; Ito et al., 2011) . Therefore, the multiple potential influences on receptor availability have limited the interpretation of PET-based measures to clarify molecular abnormalities that occur in psychiatric disorders.
The current study sought to address the underlying biological contributors to individual estimates of receptor availability and to determine how these contributors relate to one D 2 -dependent phenotype that is germane to addictions: inhibitory control. To accomplish this goal, we conducted in vitro and in vivo assessments of dopamine receptors within the same vervet monkeys and compared these measures to the behavioral performance of the same subjects in the reversal-learning task that, in part, measures inhibitory control (Izquierdo and Jentsch, 2012) . We found that individual differences in striatal D 2 -like, but not D 1 -like, receptor availability measured with PET related to the function of D 2 -like receptors, determined by measuring spontaneous and dopamine agonist-induced eyeblink rate (EBR; Lowry et al., 1951) , and D 2 -like receptor density assessed in postmortem homogenates. Furthermore, D 2 -like, but not D 1 -like, receptor availability related to the performance of monkeys in the reversal phase of a reversal-learning task and to positive-feedback sensitivity. These data provide a rigorous evaluation of factors that underlie individual differences in D 2 -like receptor availability and suggest that EBR may be a biomarker for D 2 -like receptor density.
Materials and Methods
Animal subjects. Vervet monkeys were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources (National Research Council, Department of Health, Education and Welfare Publication 85-23, revised 1996) . All experiments conducted were approved by the Chancellor's Animal Research Committee at the University of California, Los Angeles.
Ten adult, male vervet monkeys were included in these studies. All of the subjects were born in the same year (2002) at the Vervet Research Colony, which was then located in Los Angeles, California. The subjects had been removed from their natal groups at adolescence and housed together in peer groups. The subjects were relocated to University of California, Los Angeles in 2008. The monkeys were 5 years old when these experiments began. They had never been the subjects of any pharmacological perturbation studies, only having received semiannual sedation with ketamine (with or without xylazine) as was required for routine veterinary care.
The subjects were pair housed in large, outdoor enclosures (11 ϫ 11 ϫ 11 m) equipped with various forms of enrichment (swings, barrels, and toys). They received feedings, twice daily, of chow (Teklad), supplemented daily with fresh fruit or vegetables. The monkeys were never food restricted to motivate task performance; however, overnight fasts were imposed before imaging sessions or other circumstances requiring sedation or anesthesia.
Drugs. The dopamine D 2 -like receptor agonist (ϩ)-4-propyl-9-hydroxynaphthoxazine (PHNO) was purchased from Advanced Biochemical Compounds, and the dopamine D 1 -like receptor agonist (Ϫ)- (1 R,3S)-3-adamantyl-1-(aminomethyl)-3,4-dihydro-5,6 -dihydroxy-1 H-2-benzopyran hydrochloride hydrate (A77636) was purchased from Sigma-Aldrich. Drugs were dissolved in sterile 0.9% sodium chloride and diluted from stock concentrations using sterile saline on drug-testing days.
Discrimination acquisition, retention, and reversal learning. Monkeys were trained to acquire, retain, and reverse three-choice, novel visual discriminations, using procedures described previously . On behavioral-testing days, monkeys were moved from their social enclosure into a metal enclosure where a Wisconsin general testing apparatus (WGTA) was mounted. The WGTA was equipped with an operable black screen that separated the monkey from three equally spaced, opaque boxes that were equipped with a hinged opaque lid in which small food rewards (piece of apple, banana, grape, or orange) could be concealed. The lid of each box could be fitted with a unique visual stimulus (clip art from the Microsoft Office library) that the monkeys could view when sitting in the metal enclosure.
Monkeys were trained to open the lid of the boxes to retrieve rewards. Once monkeys were reliably retrieving rewards, novel visual stimuli were placed on the lids of the boxes. Testing session began when the black screen was raised to present the three boxes to the monkey. Monkeys made one response (opening the lid of the box) per trial. A trial was terminated when the monkey made a correct choice, an incorrect choice, or an omission (no response for 2 min), and a 20 s intertrial interval followed. The next trial began with a change in the spatial position of the boxes until either monkeys met a performance criterion (described below) or 30 trials were completed, whichever occurred first.
The first session of a discrimination problem was a discriminationacquisition phase in which monkeys were presented with three novel visual stimuli and required to learn which one of the three stimuli was associated with reward, solely through feedback provided by the task. Once a performance criterion was met (eight correct choices within 10 consecutive trials), the session was terminated and the monkey was returned to his social enclosure. If the performance criterion was not met, the session ended but the same discrimination problem was presented the following day(s) until the performance criterion was met.
One day after reaching criterion in the acquisition phase, monkeys were tested in the retention phase in which the stimulus-reward contingencies remained unchanged from those of the acquisition phase. Immediately after reaching the performance criterion in the retention phase (four correct choices in five consecutive trials), the reversal phase began, with no explicit signal to the monkey. During the reversal phase, the stimulus that was previously rewarded was no longer rewarded, and one of the two previously non-rewarded stimuli was rewarded. The reversal phase continued until the monkey met the performance criterion (eight correct responses in 10 consecutive trials) or until 30 trials had been completed, whichever occurred first. If the performance criterion was not met, the session ended but the same discrimination problem was presented the following day(s) until the performance criterion was met. The number of trials required to reach criterion was the primary dependent measure. Choice behavior of monkeys was also recorded to quantify the types of errors monkeys made and to quantify the sensitivity of each monkey to positive and negative feedback.
Monkeys completed seven acquisition-only sessions before being tested on five acquisition, retention, and reversal discrimination problems. Behavior was assessed in the last two discrimination problems using an enhanced performance criterion (acquisition phase: 18 correct choices in 20 completed trials; retention phase: 9 correct choices in 10 completed trials; reversal phase: 18 correct choices in 20 completed trials). Comparisons between dopamine receptor availability and behavioral performance of subjects involved only the final discrimination problem, because this behavioral assessment was conducted closest in time to the PET scans (Ͻ2 months). One subject did not complete the last discrimination problem because of an injury and was excluded from the analysis. The primary dependent measures were the number of trials required to reach criterion in the acquisition, retention, and reversal phases. We also collected the choice behavior of monkeys to quantify the types of errors monkeys made and the sensitivity of each monkey to positive and negative feedback (see below).
Quantifying feedback sensitivity. Learning performance can be influenced by the subject's sensitivity to positive and/or negative outcomes. To quantify feedback sensitivity during the reversal phase, we examined choice behavior of monkeys on a trial-by-trial basis using procedures described previously . For trials in which a monkey made a correct response and received positive feedback, we calculated the probability that the monkey would (1) effectively use that feedback and persist with the same correct response, (2) ineffectively use the positive outcome and shift responding to the previously reinforced stimulus (perseverative error), or (3) fail to incorporate the positive outcome into behavior and instead shift responding to the never reinforced stimulus (neutral error). For trials in which the monkey made an incorrect response and received negative feedback, we calculated the probability that the subject would (1) effectively use that negative outcome and shift responding to any of the other two stimuli or (2) ineffectively use that negative outcome and persist with the same incorrect response.
PET scans quantifying D 1 -and D 2 -like receptor availability. PET scans were performed using carbon-11-(8-chloro-5-(7-benzofuranyl)-7-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-3-benzazepine) ([ 11 C]NNC-112) and [ 18 F]fallypride as radioligands for measurements of D 1 -and D 2 -like receptor availability, respectively, using a microPET model P4 scanner (Concorde Microsystems), which has a fixed width at half maximum (FWHM) spatial resolution of 1.75 mm. PET scans were acquired Ͻ2 months from the final reversal-learning test reported here. On PET scanning days, monkeys received an intramuscular injection of ketamine hydrochloride (10 mg/kg) and glycopyrolate (0.01 mg/kg). After monkeys were sedated, an endotracheal tube was placed to provide 2-3% isoflurane anesthesia (in 100% O 2 ) for the duration of the procedure. Vital signs (heart rate, respiratory rate, oxygen saturation, and temperature) were monitored and recorded every 15 min throughout the scan. A tail-vein catheter was placed, and the monkey was positioned on the scanning bed such that the imaging planes were parallel to the orbitomeatel line and the top of the head at the front of the field of view. A 20 min 57 Co transmission scan was acquired before administration of the radioligand for attenuation correction. All subjects received a bolus injection of [
11 C]NNC-112 (0.3 mCi/kg), followed by a 5 ml saline flush, and data were acquired for 120 min. When radioactivity had fallen to baseline levels (ϳ3 h after administration of [ 11 C]NNC-112), a bolus injection of [ 18 F]fallypride was delivered (0.3 mCi/kg), followed by a 5 ml saline flush, and data were acquired for 180 min. After completion of the second PET scan, gas anesthesia was removed, and the monkey was allowed to recover overnight before being returned to his social enclosure. Because of radioligand synthesis problems, 4 of 10 monkeys were scanned in two separate sessions (each involving one of the radioligands), with an interscan period of 30 -60 d.
PET data processing. Three-dimensional sinograms were created by binning the [
18 F]fallypride data into 33 frames (six 30 s frames, seven 60 s frames, five 120 s frames, four 300 s frames, nine 600 s frames, one 1200 s frame, and one 1800 s frame) and the [ 11 C]NNC-112 data into 21 frames (four 60 s frames, three 120 s frames, six 300 s frames, and eight 600 s frames). We applied a previously validated algorithm to the list-mode data from the transmission scan to generate attenuation maps (Vandervoort and Sossi, 2008) . After construction of the attenuation maps, emission list-mode files were reconstructed using Fourier rebinning and filtered backprojection, corrected for normalization, dead time, scatter, and attenuation with software provided by Concorde Microsystems (microPET manager version 2.4.1.1; Siemens). The resultant images had voxel dimensions of 0.949 ϫ 0.949 ϫ 1.212 mm 3 and matrix dimensions of 128 ϫ 128 ϫ 63. Using FSL (for FMRIB Software Library) View [FMRIB (for Functional Magnetic Resonance (MR) Imaging of the Brain) Software Library version 4], the following ROIs were drawn on the structural MR image of each subject (see MRI methods) by a single experimenter: the caudate nucleus, putamen, ventral striatum, and cerebellum. Reconstructed PET images were corrected for motion and were coregistered to the subject's MR image using the PFUS module within PMOD (version 3.15; PMOD Technologies). Using the putamen and cerebellum ROIs, activity was extracted from the coregistered PET images and imported into the kinetic analysis program within PMOD (PKIN). The time-activity curves were fit using the simple reference tissue model (SRTM) to provide an estimate of the k2Ј value. Parametric binding maps, showing binding potential (BP ND ), were generated for each subject in PXMOD using the SRTM2 model with the fixed k2Ј value obtained from analysis of the time-activity curves. Activity extracted from the putamen and cerebellum was entered as references for high and low activity areas, respectively. To conduct the voxelwise statistical analysis, each subject's MR image was aligned to a study-specific vervet monkey MR image template using FSL FLIRT (for FMRIB Linear Image Restoration Tool) and the resultant transformation matrix applied to the BP ND maps. A 2 mm FWHM Gaussian smoothing kernel was applied to the binding potential maps.
Magnetic resonance images. MR images for the subjects were collected as a part of a larger study (Fears et al., 2009) . Nine T1-weighted volumes with three-dimensional MPRAGE images (TR, 1900 ms; TE, 4.38 ms; field-of-view 96 mm; flip angle, 15°; voxel size, 0.5 mm; 248 slices; slice thickness 0.5 mm) were collected using an eight-channel, highresolution knee-array coil (Invivo) in a 1.5 T Siemens scanner. Individual images were aligned to each other using Statistical Parametric Mapping 5 (Institute of Neurology, University College London, London, UK), averaged together, and resliced according to a previously developed MR template (Groman et al., 2013a) .
EBR assessments. Most available D 2 -like receptor radioligands are highly lipophilic (Schmidt et al., 1994; Mukherjee et al., 1995) ; therefore, differences in receptor availability measurements at least partially reflect intracellular pools of receptors that are unavailable for activation by dopamine and/or are uncoupled from their effector systems. We hypothesized that, if the measured receptor pool includes mostly functional/ coupled receptors, individual differences in PET-based measures of binding potential should directly predict individual differences in dopamine-mediated behaviors, such as eyeblink, that depend on the striatum (Elsworth et al., 1991; Kleven and Koek, 1996; Taylor et al., 1999) and that individual differences in receptor binding potential should predict the magnitude of agonist-induced changes in these behaviors. Spontaneous and drug-induced changes in EBR were assessed from 60 -90 min video recordings of the monkeys. These videos were acquired using two high-definition digital video cameras (Sony Bloggie), while monkeys sat otherwise undisturbed in a viewing chamber. The cameras, positioned 90°from one another, allowed 180°visibility of the monkey's eyes. These video recordings were then manually scored by experimentally blind raters using a program, developed by a member of our team (A.S.J.), that allowed raters to timestamp the occurrence of a blink (defined as a full opposition of the eyelid that lasted Ͻ1 s) and the visibility of the subject's eyes while the rater simultaneously viewed two video streams from the cameras positioned at 90°from one and other. Video raters were trained to an inter-rater reliability of at least 90% before beginning analysis of the videos in this study. Data was binned into 5 min blocks, and the EBR within each block was computed as the total number of blinks per total visibility time. If visibility of the monkey was Ͻ2 min of the 5 min block, data from that block were excluded from the analysis. Spontaneous EBR was assessed in multiple recording sessions when the monkey was unperturbed and was recorded for 60 min. For the withinsubject dopamine agonist experiments, the EBR was recorded for 30 min before (baseline) the monkey received an intramuscular injection of either the D 1 -like receptor agonist (A77636 in 0.9% NaCl; 0.005, 0.05, or 0.5 mg/kg), the D 2 -like receptor agonist (PHNO in 0.9% NaCl; 0.005, 0.05, or 0.5 mg/kg), or saline. EBR was recorded for 60 min after drug administration. Inspection of the data revealed temporal changes in the EBR after administration of drug that may not have been captured with eyeblink measurements averaged over the entire 60 min session (Fig. 1) . EBR increases rapidly after administration of dopamine agonists (Elsworth et al., 1991; Kleven and Koek, 1996) , returning to baseline levels 30 -40 min after drug administration. To characterize drug-induced changes in EBR fully, we determined the maximal and minimal EBR before and after drug (or vehicle) administration, as well as the average response across the entire session. Drug-induced changes in EBR were determined by subtracting the maximal change in EBR from the maximal baseline EBR recorded within that same session. To verify that the pharmacological effects were drug specific, the change in EBR from baseline after administration of saline was subtracted from the change in EBR from baseline after administration of drug.
Drug sessions were limited to once per week, with the order of dopamine agonist administration pseudorandomly counterbalanced (alternating weekly between doses of the D 1 -like or D 2 -like agonist) to avoid receptor sensitization, which reportedly occurs after extended exposure to dopamine receptor agonists (Szumlinski et al., 1997) . The maximal change in EBR after administration of saline was assessed before, twice during, and immediately after the drug study and did not significantly change over the period of the drug studies (F (3,24) ϭ 0.45; p ϭ 0.72), suggesting that multiple exposures to dopamine agonists did not significantly alter spontaneous EBR. Some drug sessions had to be repeated (ϳ3 months after the initial drug sessions) because of cases of poor visibility of an individual monkey's eyes.
Ex vivo assays of monoamine levels and dopamine receptors. Brain tissue was collected from deeply anesthetized monkeys (ketamine hydrochloride, 10 mg/kg, i.m.; sodium pentobarbital, 30 mg/kg, i.v.) after transcardial perfusion with ice-cold saline; samples were stored at Ϫ80°C until processed. Monoamine levels were determined using HPLC, as described previously (Jentsch et al., 1997). Radioligand binding assays using 3 H]raclopride (PerkinElmer Life and Analytical Sciences) were completed using a published protocol (Levant, 2007) . Tissue collected from the putamen, the largest striatal region needed to complete a nine-point saturation curve, was homogenized in buffer [in mM: 50 Tris HCl, 50 Tris base, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , and 120 NaCl, pH to 7.4 (at 23°C)] to achieve a tissue homogenate concentration of 6.5 mg/ml original wet tissue weight. The homogenates were incubated (60 min at room temperature) with nine different concentrations of [ 3 H]raclopride (0 -6 nM) in the presence or absence of (ϩ)butaclamol (5 M). The reaction was terminated by rapid filtration of samples through GF/B filter paper (presoaked for 1 h in 0.05% polyethylenimine at room temperature) using a Brandel cell harvester, followed by three rinses with ice-cold buffer (3 ml/sample per rinse). Filter paper was dried overnight and incubated in scintillation fluid (Ultima Gold; 5 ml/filter) for 24 h before being read on a liquid scintillation counter (Beckman LS6500; Beckman Instruments). Protein content of tissue homogenates was determined using the BCA protein assay (Pierce Thermo Scientific). Specific binding was calculated by subtracting nonspecific binding [in the presence of (ϩ)butaclamol] from total binding and normalized to protein content (Lowry et al., 1951) . Nine-point saturation curves were generated for each subject. The density of [ 3 H]raclopride binding sites (B max ) and the equilibrium dissociation constant (K D ) were calculated using the one-site binding function in Prism (version 6; GraphPad Software). Tissue from two subjects was excluded because of high nonspecific binding.
Statistical analyses. Statistical analyses were conducted in SPSS (version 20; IBM). Relationships between variables were assessed either by conducting bivariate correlation analyses or in multivariate regression analyses in which multiple independent variables were regressed against a single dependent variable. Mediation analyses were completed according to Baron and Kenny (1986) using multiple regression analyses. Path analyses were conducted using multiple regressions (Edwards and Lambert, 2007) , in which the variance explained by theoretical models, which included variables with different direct and indirect effects, was compared with the variance explained by a fully saturated model (in which all direct and indirect effects are included).
Results
Relationship between dopamine D 1 -like and D 2 -like receptor availability in the striatum We first examined the individual-level statistical relationships between D 1 -like and D 2 -like receptor availability in each of three striatal regions of interest. There was a positive relationship between measures of D 1 -like and D 2 -like receptor availability in the putamen (r ϭ 0.63; p ϭ 0.04), but these relationships were not statistically significant for either the caudate nucleus (r ϭ 0.49; p ϭ 0.15) or ventral striatum (r ϭ 0.26; p ϭ 0.47; Fig. 2 ).
Dopamine D 2 -like, but not D 1 -like, receptor availability covaries with reversal-learning performance
We have demonstrated previously that naturally occurring, individual differences in PET-based measures of dopamine D 2 -like receptor availability covary with reversal-learning performance, a measure of inhibitory control . Whether a similar relationship exists for individual differences in dopamine D 1 -like receptors has not been reported. D 1 -and D 2 -like receptor availability were regressed onto indices of behavioral performance of monkeys in the reversal-learning paradigm . We found that dopamine D 2 -like, but not D 1 -like (Fig.  3B) , receptor availability in the ventral striatum was correlated with the number of trials required to reach criterion in the reversal phase (r ϭ 0.67; p ϭ 0.04; Fig. 3A) but not with performance during initial discrimination acquisition (r ϭ 0.11; p ϭ 0.77) or retention (r ϭ Ϫ0.39; p ϭ 0.35) phases. Monkeys with relatively low dopamine D 2 -like receptor availability required more trials to reach criterion than those with relatively high dopamine D 2 -like receptor availability. We then examined whether D 2 -like receptor availability in the ventral striatum was related to specific ) in the ventral striatum (white circles), but not in the caudate nucleus (black circles) or putamen (gray circles), was negatively related to the number of trials required to reach criterion in the reversal phase of the reversal-learning paradigm such that monkeys with higher D 2 -like receptor availability required fewer trials to reach the performance criterion in the reversal phase. B, PET D 1 -like receptor availability (BP ND ) in the ventral striatum (white squares), caudate nucleus (black squares), or putamen (gray squares) was not related to performance in the reversal phase. C, PET D 2 -like receptor availability (BP ND ) in the ventral striatum (white circles), but not in the caudate nucleus (black circles) or putamen (gray circles), was negatively related to the probability of making a perseverative response. D, PET D 2 -like receptor availability (BP ND ) in the ventral striatum (white circles), but not in the caudate nucleus (black circles) (Figure legend continues.) patterns of responding during reversal-learning phase. D 2 -like receptor availability was positively related to the probability of making a correct response (r ϭ 0.69; p ϭ 0.03) and negatively related to the probability of making a perseverative response (r ϭ Ϫ0.65; p ϭ 0.05; Fig. 3C ) but was not significantly related to the probability of making a response to a stimulus that had never been associated with reward (r ϭ Ϫ0.57; p ϭ 0.11), suggesting that it is the difficulty with inhibiting the initially trained response that is linked with individual estimates of D 2 -like receptor availability.
A variety of theoretical accounts suggest that striatal dopamine D 1 -and D 2 -like receptors may play dissociable roles in behavioral adaptations to positive and negative feedback (Frank et al., 2004; Groman et al., 2011) . During reversal learning, D 2 -like receptor availability in the ventral striatum was positively correlated with the probability of persisting with the same response after positive feedback (r ϭ 0.70; p ϭ 0.03; Fig. 3D ) and negatively correlated with the probability of making a perseverative response after positive feedback (r ϭ Ϫ0.69; p ϭ 0.04). Conversely, it was not significantly related to the probability of making a response to the never-rewarded stimulus after positive feedback (r ϭ Ϫ0.57; p ϭ 0.11) or the probability of shifting responding after negative feedback (r ϭ 0.19; p ϭ 0.62). D 1 -like receptor availability in the ventral striatum was not correlated with sensitivity to either positive (r ϭ 0.09; p ϭ 0.82) or negative (r ϭ Ϫ0.53; p ϭ 0.14) feedback.
To further explore the relationship between D 2 -like receptor availability and inhibitory control and the directional relationship between these variables, a mediation analysis of the relationships between D 2 -like receptor availability, positive-feedback sensitivity, and reversal-learning performance was conducted using multiple regressions (Baron and Kenny, 1986). The strong, negative relationship between D 2 -like receptor availability and performance of monkeys in the reversal phase (r ϭ Ϫ0.67; p ϭ 0.04) was significantly attenuated when positive-feedback sensitivity was included in the model (r ϭ Ϫ0.15; p ϭ 0.64), indicating that the relationship between D 2 -like receptor availability and reversal-learning performance was mediated by influences on positive-feedback sensitivity (Fig. 3E) .
EBR reveals individual differences in D 2 -like, but not D 1 -like, receptor availability
We quantified EBR in this cohort of monkeys and found that baseline EBR was a highly reliable measurement within and across assessments collected 3 months apart (within-session reliability, Cronbach's ␣ Ͼ 0.87; between-session correlation, r ϭ 0.81, p ϭ 0.005), suggesting trait-like stability. Notably, baseline EBR was positively related to striatal D 2 -like receptor availability (ventral striatum, r ϭ 0.74, p ϭ 0.01; caudate nucleus, r ϭ 0.65, p ϭ 0.04; putamen, r ϭ 0.58, p ϭ 0.07; Fig. 4A ) but not to D 1 -like receptor availability (ventral striatum, r ϭ 0.08, p ϭ 0.83; caudate nucleus, r ϭ 0.36, p ϭ 0.31; putamen, r ϭ 0.04, p ϭ 0.91; Fig. 4B) . A voxelwise regression analysis confirmed that there was a positive relationship between EBR and D 2 -like receptor availability throughout the striatum (Fig. 4C,D) ; no significant clusters were detected when EBR was regressed onto striatal D 1 -like receptor availability.
Next, we compared D 1 -like and D 2 -like receptor availability to changes in D 1 agonist and D 2 agonist-induced changes in EBR. Average EBR before and after drug (or vehicle) administration is presented in Figure 1 . The change in EBR elicited by a low dose of the D 2 -like receptor agonist (PHNO; 0.005 mg/kg) was positively related to striatal D 2 -like receptor availability in the caudate nucleus (r ϭ 0.64; p ϭ 0.04) and ventral striatum (r ϭ 0.91; p Ͻ 0.001), with a similar trend in the putamen (r ϭ 0.61; p ϭ 0.06; Fig. 4E ). Similar relationships were observed for the medium dose (0.05 mg/kg; caudate nucleus, r ϭ 0.65, p ϭ 0.04; putamen, r ϭ 0.55, p ϭ 0.09; ventral striatum, r ϭ 0.41, p ϭ 0.24) but not for the highest dose (0.5 mg/kg; all p values Ͼ0.46). Monkeys with higher D 2 -like receptor availability exhibited greater responses to low/threshold doses than their counterparts with low D 2 -like receptor availability, suggesting that they were more sensitive to agonist-induced increases in EBR. This effect was pharmacologically specific in that changes in EBR caused by administration of the D 1 -like receptor agonist (A77636; 0.005, 0.05, and 0.5 mg/kg) were neither correlated with individual differences in D 1 -like (Fig. 4F) or D 2 -like, receptor availability (all p values Ͼ0.31).
To further establish the connection of EBR among the behavioral phenotypes that are related to dopamine D 2 -like receptor availability, we explored the relationship between EBR and positive-feedback sensitivity during reversal. EBR was related to the sensitivity of monkeys to positive feedback (r ϭ 0.68; p ϭ 0.04), and when EBR and positive-feedback sensitivity were regressed against D 2 -like receptor availability, the two phenotypes accounted for overlapping portions of variance in the PET measure (R 2 spontaneous EBR ϭ 0.50; R 2 spontaneous EBR and positive-feedback sensitivity ϭ 0.59), indicating that the variance they share individually with D 2 -like receptor availability is also shared with one another. D 2 -like receptor availability is related to receptor density, but not to dopamine content, in striatal tissue Both receptor density and levels of dopamine that compete for occupancy of D 2 -like receptors with the radiotracer can influence receptor availability measured with PET. To dissect contributions of these factors, brain tissue from striatal subregions of each subject was collected. Neither tissue content of dopamine nor a measure of dopamine utilization (ratio of homovanillic acid levels/dopamine levels) was correlated with D 2 -like receptor availability (all p values Ͼ0.19) or EBR (all p values Ͼ0.25).
Conversely, we found that receptor density for the lowaffinity D 2 -like receptor ligand [ 3 H]raclopride (B max ) in homogenates extracted from putamen tissue was positively related to the D 2 -like receptor availability in the putamen (r ϭ 0.72; p ϭ 0.04; Fig. 5A ) and to EBR (r ϭ 0.72; p ϭ 0.04; Fig. 5B) . Furthermore, the density of .) or putamen (gray circles), was positively related to the probability that monkeys would persist with the same correct response after a positive outcome (positivefeedback sensitivity). E, A causal mediation analysis of D 2 -like receptor availability, positivefeedback sensitivity, and performance in the reversal phase. D 2 -like receptor availability is positively related to positive-feedback sensitivity (path a) and negatively to reversal-learning performance (path c), whereas positive-feedback sensitivity is negatively related to reversallearning performance (path b). When positive-feedback sensitivity is included as a mediator of the relationship between D 2 -like receptor availability and reversal-learning performance, the strength of this relationship was significantly reduced (path cЈ), indicating that positivefeedback sensitivity mediates the relationship between D 2 -like receptors and reversal-learning performance.
(r ϭ 0.70; p ϭ 0.05; Fig. 5C ). We then compared the density of [ 3 H]raclopride binding sites in the putamen with positivefeedback sensitivity in the reversal phase and found that there was a positive, albeit nonsignificant, relationship (r ϭ 0.46; p ϭ 0.29; Fig. 5D ).
EBR explains the relationship between tissue-based and imaging-based measures of D 2 -like receptors
Given the multi-tiered relationships between ex vivo D 2 -like receptor density, EBR, PET-based measures of D 2 -like receptor availability, sensitivity to positive feedback, and inhibitory con- . EBR is related to D 2 -like receptor availability. A, PET D 2 -like receptor availability measurements in the ventral striatum (white circles) and caudate nucleus (black circles), but not putamen (gray circles), were positively related to EBR. B, D 1 -like receptor availability in the ventral striatum (white squares), caudate nucleus (black squares), or putamen (gray squares) was not significantly related to EBR. C, D, A voxelwise, linear regression of EBR on PET D 2 -like receptor availability revealed statistically significant correlations (bright colors) throughout the striatum. Figures are presented as threshold-free cluster enhancement (TFCE) statistical maps ( p values) overlaid on the study-specific vervet monkey MRI template in the transverse (C) and coronal (D) planes and thresholded at p Ͻ 0.1, corrected for the entire striatal search volume. E, D 2 -like receptor availability in the ventral striatum (white circles) and caudate nucleus (black circles) was significantly correlated with the maximal D 2 -agonist induced change in EBR. F, D 1 -like receptor availability in the caudate nucleus (black squares), putamen (gray squares), or ventral striatum (white squares) was not significantly related to the maximal D 1 agonist-induced change in EBR (produced with A77636; 0.005 mg/kg). trol in a reversal-learning task, we hypothesized-on the basis of a model of progressively increasing biobehavioral complexity, from tissue binding, to behaviors of variable cognitive demands, to broad neocortical phenotypes-that the statistical association between ex vivo D 2 -like receptor density and positive-feedback sensitivity might arise via indirect effects on EBR and PET D 2 -like receptor availability measurements. To test this, a path analysis was conducted; we included a single exogenous variable (ex vivo D 2 -like receptor density) and four endogenous variables (EBR, D 2 -like receptor availability, positive-feedback sensitivity, and performance [trials to criterion] during reversal). The saturated model (Fig. 6A) , in which all direct and indirect effects are considered (including the direct effect of positive-feedback sensitivity on reversal phase performance), explained 97% of the variance in behavioral sensitivity to positive feedback in the reversal task. When the saturated model was reduced to a model in which ex vivo D 2 -like receptor density has only an indirect effect on positive-feedback sensitivity (Fig. 6B ), the path model explained 89% of the variance in positive-feedback sensitivity. Because the latter model was, according to likelihood ratio testing, as informative as the fully saturated model ( 2 ϭ 5.17; p ϭ 0.88), it was selected on the basis of parsimony. Furthermore, the reduced model positioned EBR between ex vivo D 2 -like receptor density and PET D 2 -like receptor availability measurements, suggesting that EBR measures statistically account for the relationship between ex vivo D 2 -like receptor density and PET D 2 -like receptor availability measurements.
Discussion
Here, we describe a set of experiments designed to identify the biological mechanisms indirectly assessed by PET and radiotracers that label D 2 -like receptors. The data gathered, using a withinsubjects design, provide direct evidence that variation in PET D 2 -like receptor availability measurements reveal underlying differences in the density of functional and behaviorally relevant D 2 -like receptors, providing a framework for the interpretation of PET-based measures of D 2 receptor availability. Moreover, we demonstrate that EBR is an easy-to-quantify, minimally invasive phenotype that accounts for significant proportions of naturally occurring variation in D 2 -like receptor availability in the nonhuman primate. As such, we provide preliminary evidence of its utility as a behavioral biomarker of striatal dopamine D 2 -like receptors and, ultimately, its associated phenotypes, including behavioral sensitivity to positive feedback. We extend our previous findings that individual differences in D 2 -like, but not D 1 -like, receptor availability covary with reversal-learning performance, adding to the growing evidence that relatively low D 2 -like receptor function is associated with performance in this test of reinforcement learning and inhibitory control . Pharmacological blockade and genetic deletion of the D 2 -like receptor impairs the ability of animals to reverse stimulus-response contingencies (Kruzich et al., 2006; Lee et al., 2007) , while leaving the acquisition of stimulus response unaffected . Similarly, poor inhibitory control is exhibited by humans that carry the A1ϩ DRD2-ANKK1 gene variant (Jocham et al., 2009) , which is associated with lower striatal D 2 -like receptor availability than the parallel variant (Jöns-son et al., 1999) , suggesting that the relationship between D 2 -like receptor and inhibitory control is evolutionarily conserved. Furthermore, we report that the relationship between D 2 -like receptor availability and performance on a reversal-learning task, which measures reinforcement learning and inhibitory control, is mediated by positive-feedback sensitivity, which may, itself, result from deficient dopamine-mediated positive prediction error signals to update stimulus-reward associations in subjects with relatively low dopamine D 2 -like receptor availability.
Notably, the relationship between receptor availability and reversal-learning performance was strongest in the ventral striatum, whereas a previous study of a separate group of monkeys showed that the relationship was strongest for the dorsal striatum . In both cohorts, the relationships were noted in all striatal regions, with data from different sections of the striatum crossing the statistical threshold for significance. Although the level of training may be relevant here [the current sample experienced less training, and prolonged training shifts behaviors to rely on more dorsal striatal mechanisms (Yin et al., 2004) ], it seems more likely that the observed relationship between dopamine D 2 -like receptor availability and reversallearning performance generally holds for both dorsal and ventral parts of the striatum. Moreover, the direction of the relationship between D 2 -like receptor availability and inhibitory control is similar in nature to previous observations in mice (Laughlin et al., 2011) and rats (Dalley et al., 2007) . The in vitro measurements reported here were performed on tissue extracted from the putamen, whereas the behavioral and neuroimaging relationships were strongest in the ventral striatum. Although this is a limitation, there were statistical trends for positive relationships between the putamen D 2 -like receptor density, measured in vitro, and D 2 -like receptor availability, measured in vivo, for all three striatal subregions, suggesting that D 2 -like receptor density across subregions is influenced by common factors, leading to a strong intercorrelation of the measures.
Substance-use disorders are conditions in which individuals lose voluntary control over drug seeking and taking, exhibiting compromised ability to exert inhibitory control over these actions despite deleterious outcomes associated with them. Low D 2 -like type availability has been detected in persons with substance-use disorders and in animal models of addiction (Volkow et al., 1993 (Volkow et al., , 2001 hypothesized to reflect differences in the densities of D 2 -like receptors. Relatively low D 2 -like receptor availability is associated with risk for substance use (Nader et al., 2006; Dalley et al., 2007) and behavioral risk factors for addiction (Zald et al., 2008; Buckholtz et al., 2010) . For these reasons, the D 2 -like receptor system is hypothesized to influence both the liability for and progression of addiction Jentsch and Pennington, 2014; Jentsch et al., 2014) .
Nevertheless, the larger biological context through which individual differences in D 2 -like receptor density and function influence inhibitory control is not understood. Striatal D 2 -like receptor availability is positively related to glucose metabolism, an index of local brain function, in the orbitofrontal cortex of stimulant-dependent research participants (Volkow et al., 1993 (Volkow et al., , 2001 ), a region implicated repeatedly in inhibitory control and addiction (London et al., 2000; Izquierdo and Murray, 2004; but see (Rudebeck et al., 2013) . The mechanistic relationship between D 2 receptors and orbitofrontal cortex metabolism is further supported by the observation that deficits in glucose metabolism in this brain region have also been observed in human carriers of the DRD2-ANKK1 Taq A1ϩ allele (Noble et al., 1997) . Therefore, striatal D 2 -like receptors may be related to the molecular and/or functional integrity of the orbitofrontal cortex through striato-pallido-thalamic loops that integrate frontocortical regions with the striatum (Haber, 2003) . Additionally, a subset of striatal D 2 -like receptors control presynaptic release of glutamate from corticostriatal terminals (Cepeda et al., 2001 ); these receptors control long-term depression of cortical inputs to the striatum (Bamford et al., 2004 ). An impairment of dopamine-mediated long-term depression of inputs from the orbitofrontal cortex attributable to low D 2 -like receptor availability could bias an organism to develop strong, habitual behaviors (Bock et al., 2013) that are inflexible and/or resistant to top-down inhibitory control influences. These studies provide multiple mechanisms by which D 2 -like receptors in the striatum could contribute to inhibitory control over inappropriate behaviors.
Although several studies demonstrate correlations between striatal D 2 -like receptors and addiction-related phenotypes, it is possible that D 2 -like receptors in other brain regions contribute to the behavioral endpoints. PET imaging studies have predominantly focused on the striatum, a region with the greatest abundance of D 2 -like receptors, but recent studies have investigated the relationships between midbrain D 2 -like receptor availability (presumably a measure of autoreceptors) and addiction-risk phenotypes in humans (Zald et al., 2008) and mice (Laughlin et al., 2011) . Alternatively, pharmacological manipulations of dopamine D 2 -like receptor signaling in frontal cortical regions can affect control over habitual responding (Calaminus and Hauber, 2008) , and D 2 receptor modulation of frontal cortical neurons and function is reduced in animals exposed to drugs of abuse (Kroener and Lavin, 2010) . If binding potential measured in the striatum were correlated with binding potentials in midbrain and frontal cortex, striatal measures of D 2 -like receptors may simply be a biomarker of the underlying mechanistic relationship that depends on these receptors in another brain region. Thus, D 2 -like receptors in multiple brain regions within the mesocorticostriatal circuit may exert mechanistically synergistic, or independent, influences on inhibitory control and addiction. However, pharmacological depletion of dopamine and dopaminergic manipulations confined to the striatum impairs inhibitory control (O'Neill and Brown, 2007; Haluk and Floresco, 2009 ). This observation may be a consequence of disrupting the interaction between striatal dopamine systems and orbitofrontal serotonin that underlie inhibitory control (Groman et al., 2013b) .
Of practical importance and value, the results of the current study suggest that EBR may be a biomarker of striatal D 2 -like receptors, relating to both in vitro and in vivo D 2 -like receptor measurements and D 2 -dependent behaviors. Because EBR can be easily and non-invasively quantified in sensitive populations (e.g., children and individuals with psychiatric conditions) across multiple time points and locations, it may offer potential advantages over PET measures that make it useful in developmental studies. Developmental regulation of dopamine D 2 receptor signaling in frontostriatal circuits occurs during maturation (Ernst et al., 2009) , and adolescence is a period that is highly relevant to substance use and abuse (Hawkins et al., 1992) and to the development of other dopamine-related disorders, such as schizophrenia (Lewis, 1997) . Based on the preliminary evidence presented here, we suggest that EBR may represent an important biobehavioral phenotype for testing hypotheses about the role for developmental regulation of D 2 -like signaling in disorders of childhood and adolescence. However, additional studies are needed to determine the extent to which pharmacological and/or viral manipulations of D 2 -like receptors affect EBR, as well as the neural circuitry that underlies EBR. Although the current study did not detect a significant relationship between D 1 -like receptor availability and D 1 -agonist induced changes in EBR, this relationship may be detectable at higher doses of the D 1 agonist that produce greater enhancements in EBR.
Together, these results provide a multidimensional analysis, spanning a broad range of phenotypic complexity, that individual differences in D 2 -like PET measurements that relate to positive-feedback sensitivity and reversal-learning performance reflect the densities of functional and behaviorally relevant D 2 -like receptors and can be predicted by measurement of EBR. Thus, they highlight the power of within-subject, multimodal phenotypic assessments in animal models for understanding the biological bases of human endophenotypes and, by consequence, the identification of biochemical targets for the treatment of psychiatric disorders.
